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A Novel High-Speed Polymeric EO Modulator
Based on a Combination of a Microring
Resonator and an MZI
A. Leinse, M. B. J. Diemeer, A. Rousseau, and A. Driessen
Abstract—A Mach–Zehnder interferometer with an electrooptic
polymer mircroring resonator adjacent to one of its branches is
realized in a polymer layer stack. The microresonator is defined
by reactive ion etching in the nonlinear PMMA-DR1 polymer and
waveguide definition is done without etching, by using a negative
photoresist (SU8) as waveguide layer. Electrooptic coefficients of
10 pm/V and modulation frequencies of 1 GHz were measured.
Index Terms—Electrooptic modulation, integrated optics,
microresonators, optical polymers.
I. INTRODUCTION
WITH THE increasing penetration of optical tech-niques from long-haul point-to-point connections into
metropolitan and even access networks, the role of integrated
optics becomes more and more important. This evolution is
mainly pushed by the rapidly increasing bandwidth need of the
user leading eventually to fiber to the home. Integrated optical
devices have to compete with bulk optic solutions currently used
in long-haul connections that are optimized for performance. In
metro or access optical networks, however, low-cost is the most
important issue, as devices are shared by a very restricted number
of users. Besides, in these networks the large number of optical
nodes demands devices with a high functional complexity.
Promising elementary building blocks for the desired integrated
optical devices are ultracompact optical mircroring resonators
(MR) [1], [2]. These MRs can be used, for instance, for passive
wavelength slicing, wavelength (de)-multiplexing, routing, and,
as will be shown below, for high-speed modulation.
II. DESIGN AND REALIZATION
A basic design of an MR consists of a circular waveguide,
which couples to two straight port waveguides (Fig. 1; see, for
example, [3]–[5]).
By changing the optical path-length of a single round-trip, the
resonance condition of the MR can be changed and an amplitude
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Fig. 1. Schematic view of an MR with two port waveguides.
Fig. 2. Output power and phase response of a slightly lossy MR with a single
port waveguide at the through port around a resonance wavelength.
and phase change can be generated in both the through and the
drop port.
By sandwiching the MR between electrodes and applying
an electric radio-frequency (RF)-field, high-speed electrooptical
modulation becomes possible. Because of their compatibility
with metal electrodes and high electrooptic coefficients, poly-
mers are very suitable for this type of devices.
The properties of the entire device strongly depend on the
amount of light coupled from both waveguides to the MR and
vice versa. This coupling is determined by the position of the
MR relative to the waveguides, making alignment a critical
issue. By reducing the number of port waveguides to a single
one, the spectral behavior of the MR is less sensitive to changes
in this single coupling constant (as was discussed by [6]). In this
case, the amplitude spectrum of a lossless MR is essentially flat
because no power can be coupled to a nonexisting drop port.
For an electrooptic modulator, the phase change induced by the
MR can be utilized instead of the amplitude change, because
in an ideal lossless ring the phase at the through port changes
from zero to at resonance. Fig. 2 shows schematically the
output spectrum and the phase response of a slightly lossy MR
around a resonance wavelength [5].
This phase response can conveniently be converted to an in-
tensity modulation by combination with a Mach–Zehnder inter-
ferometer (MZI) [5], [7], [8]. When switching between the on-
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Fig. 3. MZI + ring device: (a) schematic three-dimensional view; (b) cross
section through MR and waveguides.
and off-resonance conditions, the difference between the two
branches of the MZI can switch from to zero. Such a com-
bination between an MR and MZI, as is shown in Fig. 3, has
been realized. The functionality of polymeric electrooptic MRs
was demonstrated [4] in a device, in which both the waveguide
and the MR definition were done by reactive ion etching (RIE).
This etching will induce losses due to roughness in both the MR
and the waveguides. Fabricating the waveguide by an etch-free
lithographic process will reduce this problem.
The port waveguides are fabricated by photodefinition with
the aid of a negative photoresist (SU8, at 1550 nm)
in a two-layer lithographic process. The first layer defines the
0.7- m-thick slab of the waveguide, of which the part under the
MR is removed in order to prevent coupling from the MR to the
slab [3]. The second layer is a thin layer of 300 nm in which
2- m-wide waveguides are defined lithographically. Between
the waveguides and the MR, a 1- m-thick layer of a methyl-
silicone based resin ( at 1550 nm; commercially avail-
able under the name PS233 Glassclad by United Chemical Tech-
nologies) is used. This same material is also used for the 4- m
cladding layer over the MR.
For the MR (with a height of 0.8 and a radius of 150 m),
a nonlinear polymer PMMA-DR1 ( at 1550 nm;
synthesized by the Ecole Nationale Superieure de Chimie
de Montpellier) is used, which is patterned by standard
lithography followed by RIE. MR-losses are reduced by
heating the polymer close to its glass transition temperature,
causing a reflow (smoothening) of the sidewalls [9]. The MZI
is balanced by applying a heater over one of the branches, as
is theoretically discussed in [8].
The spectral behavior of the device is measured by coupling-in
light with a butt coupled fiber setup. The spectrum of the trans-
verse-electric (TE) mode shows multimodal behavior, as two res-
onance modes can clearly be seen in Fig. 4. The presence of a
second mode should not cause problems for the performance of
the modulator, because only the steep flank of the zeroth-order
Fig. 4. Measured spectrum (TE) of the MZI + ring device. The vertical line
indicates the wavelength of the CW tunable laser chosen for the modulation
measurements.
mode is used for modulation at a fixed wavelength. Applying a
voltage to the electrodes above and below the MR results in an
electric field that changes the refractive index of the polymer.
While applying a modulating voltage, the amount of optical
modulation at the output port is measured. With the slope of
the spectrum at the modulation wavelength known, the induced
wavelength shift of the spectrum can be calculated for a cer-
tain modulation ripple. From this wavelength shift, the change
in the refractive index of the MR-material can be calculated and
with the electric field applied known, the electrooptic coefficient
is determined. The value found for this device is approxi-
mately 10 pm/V, which is in accordance to the values found in
literature [10].
Because the benefit of using the MR with the MZI is the easier
fabrication, the electrode definition should also not be a critical
fabrication step. It is, therefore, preferred to use the electrodes
as lumped elements instead of RF designed traveling wave elec-
trodes. A rule of thumb in RF design states that an electrode can
be used as a lumped element as long as its length is smaller
than 10% of the wavelength of the electrical driving field. For
electrode structures with a length of 1 cm in a material with a
dielectric constant of three, this corresponds to an electrical fre-
quency as high as 2 GHz. If the electrode size can be reduced
to the size of the MR, the modulation frequency can even be
60 GHz without any special RF design of the electrode.
The frequency of the applied modulation voltage is swept by a
network component analyzer (NCA) and the modulation depth
as a function of the electrical frequency is determined. These
measurements were done with and without an electrical ampli-
fier between the NCA and the electrode. This amplifier is used
to increase the limited voltage applied by the NCA. The setup is
schematically shown in Fig. 5. The optical detector had a spec-
tral response which started to decay around 1 GHz. The mea-
sured device response was corrected for this and the resulting
frequency response is shown in Fig. 6.
In Fig. 6, four different traces can be distinguished. These
four traces are as follows:
1) measured frequency response of the device without elec-
trical amplification and detector correction;
2) measured frequency response of the device with electrical
amplification and without detector correction;
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Fig. 5. Schematic representation of the used measurement setup.
Fig. 6. Measured frequency spectrum of the MR MZI device.
3) measured frequency response of the device with electrical
amplification and with detector correction;
4) noise signal of the detector with amplifier (with the laser
power off).
Traces 2 and 3 both show a ripple with a periodicity of
50 MHz, which is probably caused by the amplifier which
senses reflections from the electrodes. This ripple is not caused
by the device because in line 1 the frequency response is
flat. Modulation frequencies up to 1 GHz can be measured.
With this performance, data rates exceeding 1 Gb/s could be
transmitted because with some specific modulation techniques
(like for instance quadrature amplitude modulation), data rates
of 2–3 Gb/s could be possible. The rolloff above 500 MHz
is probably caused by the layerstack. The effective current
through this layerstack is dependent on in which is
the electrical angular frequency and is the capacitance of the
layerstack. Increasing the frequency results in an increase in
the current through the layerstack. Because the NCA drives the
electrodes with a constant modulation power, a higher current
also means a lower voltage over the electrodes and therefore a
lower electrical field.
The rolloff is certainly not caused by bandwidth limitations
of the MR, because the characteristic time for an MR to build
up the optical field is equal to
( : finesse of the MR; : radius; : group index of the mode
in the MR; : speed of light in vacuum). With realistic values
of and (150 m and 1.5) and 1-GHz modulation speed
( ns), the finesse can be as high as 1300 before this
effect would be dominant. As can be seen from Fig. 4, the finesse
in our ring is two orders of magnitude lower (about ten).
III. CONCLUSION
The realized polymeric electrooptic MZI MR demon-
strates a large potential for high-speed modulation. Modulation
frequencies well above 1 GHz could be possible in the fu-
ture if the material stack is slightly altered. Changing the
claddinglayer might reduce the rolloff above 500 MHz. In
addition, as stand-alone phase modulator or two-port device
electrooptic MRs could serve as ultracompact modulators and
switches in complex integrated optic structures.
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